Trypanosoma brucei is the causative agent of sleeping sickness in humans and Nagana in cattle. An estimated 50 million people worldwide are at risk of an infection, and the number of new cases per year likely exceeds the reported 350,000 cases significantly (31) . The disease in domestic animals has a severe impact on agricultural development in large parts of Africa (35) , and the human form of the disease is fatal if left untreated. The available antiparasitic drugs are highly toxic and difficult to administer. Thus, new experimental strategies for developing novel therapeutics are required (8) .
Trypanosomes are extracellular blood parasites. Their cell surface is covered with a dense layer of a single protein termed variant surface glycoprotein (VSG) (4) . VSGs have a molecular size of ca. 60 kDa. They form homodimers and are prototypic glycosylphosphatidylinositol-anchored membrane proteins. VSGs induce a T-cell-independent immunoglobulin M (IgM) response and a T-cell-dependent B-cell response that elicits VSG-specific IgG (32) . The parasites evade the host immune response by temporarily expressing immunologically unrelated VSG variants (6, 30) . This phenomenon, known as antigenic variation, has its molecular basis in the surface presentation of structurally polymorphic N-terminal domains of the different VSGs. Although at any given time point only one VSG variant is expressed and presented on the cell surface, the genome contains a repertoire of hundreds of different vsg genes (39) . With a likelihood of 10 Ϫ2 to 10 Ϫ7 per cell cycle the parasites switch to the expression of a different VSG variant thereby evading the host's immune response (18) . Thus, the VSG surface can be viewed as providing an exclusion barrier for larger molecules, such as antibodies, as well as disarming the infected host's means of clearing the infection through its variable characteristics.
In addition to the variable features, the parasite surface also exhibits constant attributes. Invariant surface glycoproteins, receptor complexes, and transporter molecules are embedded within the VSG layer (24, 27) . Even the VSGs show conserved characteristics. Despite a very low identity on the amino acid level, different VSG variants adopt very similar tertiary structures (1) . These conserved structural epitopes are not accessible to antibodies but can be accessed by molecules of smaller molecular size such as the protease trypsin (23 kDa). The protease has been shown to be able to penetrate into the molecular cavities between the VSG homodimers (41) .
Based on these characteristics, we asked the question whether a SELEX (systematic evolution of ligands by exponential enrichment) protocol (37, 40) could be designed to allow the selection of RNAs that bind with high affinity and specificity (aptamer RNAs) to the structurally conserved parts of VSGs. We further sought to determine whether such RNAs could be tethered to a ligand to indirectly label the otherwisevariable surface of African trypanosomes and, lastly, whether a covalently attached antigenic ligand could be used to direct antibodies to the surface of the parasite.
MATERIALS AND METHODS
Trypanosomes. The bloodstream life cycle stage of T. brucei subsp. brucei was cultivated at 37°C in HMI-9 medium (13) supplemented with 10% (vol/vol) heat-inactivated fetal calf serum. The following trypanosome strains were used: T. brucei Lister 427-MITat serodeme; variant clones MITat 1.2, and MITat 1.4 (4); AnTat 1.1 (22) ; and ILTat 1.1 (29) . Long slender bloodstream forms of T. brucei AnTat 1.1 and Trypanosoma congolense BeNat 1 were harvested from infected rats.
sVSG and procyclin purification. Soluble VSG (sVSG) was isolated as described previously (5) and analyzed in discontinuous sodium dodecyl sulfate (SDS)-containing polyacrylamide gels. The formation of sVSG homodimers was verified by size exclusion chromatography, and protein folding was analyzed by circular dichroism (CD) spectroscopy. Deglycosylated sVSG was prepared by treating 30 g of sVSG with 4 U (160 ng) of N-glycosidase F (Roche) in 50 mM Na x H y PO 4 (pH 6.1)-15 mM EDTA. The reaction was performed at 37°C for 2 h in the presence of a cocktail of protease inhibitors (40 g of bestatin/ml, 60 g of chymostatin/ml, 10 g of E-64/ml, 0.7 g of pepstatin/ml, 300 g of phosphoramidon/ml, 0.5 g of leupeptin/ml). N-terminal and C-terminal sVSG fragments were prepared by trypsin hydrolysis (16) at a 1:100 molar ratio of enzyme to protein. Incubation was in 50 mM Na x H y PO 4 (pH 8.0) at 25°C for 24 h. The proteolytic fragments were separated by gelfiltration (Superdex 200 HR 10/30 column) in 50 mM Na x H y PO 4 (pH 7.0)-150 mM NaCl and analyzed by denaturing polyacrylamide gel electrophoresis (PAGE). Dimer formation was tested by size exclusion chromatography. While the N-terminal fragment showed the characteristics of a homodimer, the C-terminal fragments were monomeric.
Procyclin family proteins were isolated from T. brucei Lister 427 essentially as described by Ferguson et al. (9) . The purity of the protein preparations was analyzed in SDS-containing 12.5% (wt/vol) polyacrylamide gels stained with the cationic carbocyanine dye Stains-All (2, 11) . Procyclin protein concentrations were calculated from the result of an amino acid analysis after acid hydrolysis (6 M HCl) by using an automated amino acid analyzer system.
Oligodeoxynucleotides and RNA pool synthesis. The single-stranded starting DNA library was synthesized as described previously (14) . The library (0.1 mg) was transcribed into 50 g of RNA, which was used in the first selection round. Subsequent RNA pools were transcribed from 10 to 50 g of PCR-generated double-stranded DNA templates in final volumes of 35 to 200 l. Reactions were performed in the presence of 5 Ci of [␣-
32 P]ATP (3,000 Ci/mmol) in 40 mM Tris-Cl (pH 8.0)-12 mM MgCl 2 -5 mM dithiothreitol (DTT)-2 mM spermidine-0.002% (vol/vol) Triton X-100, containing 0.8 mM ATP and GTP, 2 mM 2Ј-F-CTP, and 2Ј-F-UTP (Europa Bioproducts, Ltd.). Reactions were initiated by adding T7 RNA polymerase (3.5 U/l). Synthesized RNAs were extracted with phenol, ethanol precipitated, and redissolved in buffer A (20 mM Na x H y PO 4 [pH 7.4], 2 mM MgCl 2 , 130 mM NaCl, 5 mM KCl). Transcripts were purified by size exclusion chromatography and preincubated at 37°C for 30 min before usage.
In vitro selection (SELEX). RNA binding to sVSG was performed in 0.45 to 1.8 ml of buffer A containing 0.5 mM DTT, 1 M 32 P-labeled pool RNA, and 1
M sVSG for 1 h at 37°C. sVSG-bound RNAs were separated from unbound RNAs by filter adsorption by using presoaked nitrocellulose and cellulose acetate filters (19) . Yeast tRNA (100 ng/l) was used as a nonspecific blocking reagent. Samples were slowly filtered, and the filters washed four times with 2 ml of buffer A containing 0.5 mM DTT and 10 ng of yeast tRNA/l. Bound RNA was recovered by three extractions with 8 M urea and phenol and precipitated with ethanol. Binding to live trypanosomes was performed with cells harvested at a cell density of 1 ϫ 10 6 to 2 ϫ 10 6 cells/ml. The parasites were washed in buffer B (buffer A containing 20 mM glucose and 0.5 mM DTT), and RNA binding was performed in final volumes of 0.28 to 0.7 ml.
32 P-labeled pool RNA concentrations varied between 0.25 to 1 M, and the parasite cell density varied between 3 ϫ 10 7 to 1.2 ϫ 10 8 cells/ml. After incubation for 30 min at 4°C, unbound and weakly associated RNAs were washed off by four washes with 2 ml of buffer B. Trypanosomes and bound RNAs were collected by centrifugation, and bound RNAs were recovered by two phenol extractions, followed by precipitation with ethanol. Isolated RNAs were reverse transcribed and amplified by PCR, and the resulting DNA templates were transcribed into RNA, which was used in the next round of selection. DNA templates from pool 9 were digested with HindIII and EcoRI and cloned into pUC118. DNA sequences were determined by dideoxy terminator sequencing.
Determination of equilibrium dissociation constants. The binding of RNA aptamers to sVSG was measured by filter binding. Uniformly 32 P-labeled pool RNAs or RNA aptamers were incubated with sVSG in buffer A for 15 min at 37°C. Samples were put on ice (2 min) and slowly filtered (0.5 ml/min) through presoaked nitrocellulose-cellulose acetate mixed bed filters. Filters were washed at 4°C with buffer A (four times with 0.5 ml each time) then air dried, and the percentage of bound and free RNA was determined by scintillation counting. Equilibrium dissociation constants were derived from experiments determining the percentage of bound 32 P-labeled RNA (0.02 nM) at increasing concentrations of unlabeled RNA (0.06 to 8 nM) at constant VSG concentrations (5 to 7 nM). Runoff transcription, radioactive labeling, and biotinylation of RNA aptamers. RNA aptamers were transcribed from PCR templates (5 to 15 g) in 40 mM Tris-Cl (pH 8.0), 12 mM MgCl 2 , 5 mM DTT, 2 mM spermidine, and 0.002% (vol/vol) Triton X-100 by using T7 RNA polymerase (3.5 U/l). ATP and GTP were at 0.8 mM, and the concentrations of 2Ј-F-CTP and 2Ј-F-UTP were at 2 mM. Full-length transcripts were purified by denaturing PAGE. Aptamer 5Ј ends were radioactively labeled with alkaline phosphatase, T4 polynucleotide kinase, and [␥- 32 P]ATP according to standard procedures. RNA 3Ј-end labeling was performed with 40 Ci of 5Ј-[ 32 P]pCp and 18 U of T4 RNA ligase. Uniformly 32 P-labeled aptamers were prepared by using [␣-32 P]ATP (10 to 50 Ci) and 0.01 mM ATP in the transcription reaction. Full-length transcripts were purified by denaturing PAGE and renatured in buffer A. Biotinylation of RNA aptamers was achieved by T7 transcription with mutant T7 RNA polymerase Y639F (25) at a concentration of 3 U/l and biotin-11-ATP (Perkin-Elmer/Life Sciences) at 0.125 mM.
RNA structure and boundary determination. Theoretical secondary structures were calculated by using the MFOLD subroutine of the GCG software package based on a free energy minimization algorithm (Wisconsin Package version 9.1; Genetics Computer Group, Madison, Wis.). Calculations were performed at 37°C, which is the optimal growth temperature for bloodstream-stage trypanosomes.
Binding boundaries were determined by using 32 P-end-labeled RNA preparations, which were subjected to alkaline hydrolysis in 0.5 M NaHCO 3 (12 min at 95°C). Samples were cooled on ice and desalted by size exclusion chromatography. Hydrolyzed RNAs (0.6 nM, ϳ0.1 Ci) were renatured (30 min at 37°C) and incubated with sVSG (0, 5, 15, 50, and 100 nM) in buffer A containing 300 nM bovine serum albumin (BSA; 15 min at 37°C). sVSG-bound RNA was captured on nitrocellulose-cellulose acetate filters as described above. Eluted RNA was analyzed on denaturing 8% (wt/vol) polyacrylamide gels.
Fluorescence microscopy and imaging. Biotinylated aptamer preparations were dissolved to 300 ng/l in buffer A and incubated at 37°C for 30 min. Trypanosomes were harvested at a cell density of 8 ϫ 10 5 cells/ml by centrifugation at 1,400 ϫ g and washed twice in buffer B. Cells were resuspended to 10 8 cells/ml in buffer B, and 15 l of the cell suspension was incubated with 60 to 80 ng of biotinylated RNA/l for 20 min at 37°C. Unbound RNA was removed by two washes with 2 ml of TDB (20 mM Na 2 HPO 4 , 2 mM NaH 2 PO 4 [pH 7.4], 1 mM MgSO 4 , 80 mM NaCl, 5 mM KCl, 20 mM glucose)-0.5 mM DTT at room temperature. The cell pellet was resuspended in 100 l of TDB and fixed with 1 vol. of 8% (wt/vol) fresh paraformaldehyde-0.1% (vol/vol) glutaraldehyde in TDB for 30 min at room temperature. For the detection of the surface-bound biotinylated RNAs, the fixed cells were washed twice with TDB-0.5 mM DTT and incubated with 0.1 g of Alexa Fluor 594-conjugated streptavidin/ml in TDB-0.5 mM DTT-2% (wt/vol) BSA for 10 min at room temperature. After removal of unbound streptavidin by two washes with TDB-0.5 mM DTT, the cells were resuspended in a small volume (ϳ10 l) of the same buffer. Immunodetection of surface-bound biotinylated aptamers was performed by using a 1:100 dilution of a monoclonal Cy3-conjugated anti-biotin antibody (Dianova). For the immunodetection of VSGs, fixed cells were incubated with rabbit anti-VSG antisera (1:2,000), followed by incubation with an Alexa Fluor 594-conjugated anti-rabbit second antibody (1:2,000) for 1 h at room temperature. Visualization of the nucleus and kinetoplast was achieved by DAPI (4Ј,6Ј-diamidino-2-phenylindole) staining.
Image acquisition was performed with a motorized Zeiss Axiophot2 widefield microscope equipped with a Zeiss ϫ63/1.4 NA oil differential interference contrast (DIC) objective lens, a ϫ2.5 optovar, and a Princeton Instruments Micromax cooled (Ϫ15°C) slow-scan charge-coupled device camera (Kodak KAF-1400 charge-coupled device chip). For acquisition of three-dimensional images a PIFOC objective z-stepper was driven by the piezo-amplifier E662 LVPZT (Physik Instrumente, Karlsruhe, Germany). The microscopic setup was integrated and controlled by using the scripting feature of the IPLab for Macintosh software (v3.2; Scanalytics, Fairfax, Va.). Three-dimensional images were acquired by using the optimal sampling density derived from the optical setup and the Alexa Fluor fluorophors (z-step size, Ն50 by 150 nm). The point spread function of the microscope was measured by using fluorescent 0.17-m microspheres (PS-Speck Microscope Point Source Kit; Molecular Probes). After image acquisition, the raw data were exported to the Huygens System software (v2.1.8; Scientific Volume Imaging, B.V., Hilversum, the Netherlands), and digital deconvolution was performed by using the maximum-likelihood estimation algorithm (100 iterations). The restored image data set was visualized and verified by using the Imaris software package (version 2.6.8 or 3.0 for IRIX; Bitplane AG, Zurich, Switzerland).
RESULTS
Selection of VSG-specific RNA aptamers. For the in vitro selection, we used a combinatorial library of 2 ϫ 10 14 unique RNA sequences (14) . The library had a size of 40 nucleotides (nt), flanked by primer binding sites of 24 and 21 nt, to restrict the molecular mass of the selected aptamers to a value of Ͻ30 kDa. RNA transcription was performed in the presence of 2Ј F-modified pyrimidine nucleotides to select serum-stable aptamers (28) . The selection strategy was based on the following three characteristics. First, to specifically enrich for VSG- (4) . sVSGs were isolated as described previously (5) and purified by ion-exchange chromatography. CD spectra confirmed the presence of a high proportion of ␣-helical structure in agreement with the X-ray structure of VSG 221 (10) . The dimerization of the soluble protein preparations was confirmed by size exclusion chromatography (data not shown). Selection rounds with live trypanosomes were performed at 4°C in order to inhibit endocytosis (15) , whereas selections with sVSGs were done at 37°C (the optimal growth temperature for the parasite). Nine rounds of selection and amplification were performed. The course of the experiment was monitored by determining the percentage of bound RNA in every SELEX round (Fig.  1A) . Maximal binding was achieved in round 8 with ca. 40% of the RNAs capable of interacting with sVSG 221. DNA templates from round 9 were cloned, and the nucleotide sequences of 60 individual clones were determined. Based on shared sequence motifs, each aptamer can be placed into one of three groups. Group I, contains 76% of all of the sequences; group II contains 15%, and group III contains 3%. Six percent of the sequences are orphan RNAs (Fig. 1B) .
Structural features of the selected aptamers. Theoretical RNA secondary (2 D ) structures were computed (including the primer-binding sequences) based on a minimal free-energy folding algorithm. Figure 2A shows the calculated 2 D structures for aptamer clone (cl.) 57 (group I) and aptamer cl. 9 (group II). The two RNAs can be folded into imperfect hairpin loops of similar structure. Conserved nucleotide sequences are located within the single-stranded regions of the hairpins. The two structures differ from each other in (i) the size of the apical loop, which is 2 nt shorter for the group II RNAs, and (ii) in the length of the upper stem, being 1 bp shorter in the case of the group II aptamers. The single-stranded nature of the two G residues within the apical loop was experimentally verified by RNase T 1 footprinting (Fig. 2A) . As expected from the theoretical structures, both G nucleotides are highly accessible and thus are probably localized on the surface of the RNAs. Although the group III aptamers share some of the sequence motifs of group I and group II RNAs, their computed minimal free-energy structures are different. The same was found for the various orphan aptamers.
To identify nucleotide positions that are essential for the aptamer-VSG interaction, RNA boundary experiments were performed. Both 3Ј-end-labeled and 5Ј-end-labeled aptamer preparations were subjected to partial alkaline hydrolysis to create populations of random end-labeled RNA fragments. Adsorption to nitrocellulose filters was used to select for those RNA fragments that are competent to bind sVSG protein. Figure 2B shows a representative set of results using group II aptamer cl. 9 as an example. RNAs shortened by 26 nt from the 5Ј end and by 15 nt from the 3Ј end retain the ability to interact with the protein. Thus, the active binding domain is ca. 44 nt in length and includes the imperfect hairpin loop as the core binding determinant. Though the 3Ј boundary includes 9 nt of the primer binding site, the 5Ј boundary starts within the variable region. Almost identical results were derived from the analysis of aptamer cl. 57 as a representative group I RNA, thereby confirming that the central hairpin structure is the main binding domain (data not shown). It should be noted that the precise boundary contains an element of uncertainty due to the fact that the aptamers contain 2Ј F-modified pyrimidines. The modified nucleotides are inaccessible to alkaline hydrolysis. As a consequence, the true boundaries lie at or in-between the identified boundary and the next purine in the sequence.
Binding affinities of the selected aptamers. Equilibrium dissociation constants (K d ) for the binding of the three aptamer families to sVSG preparations were determined in nitrocellulose filter-binding assays (19) . A representative binding curve and Scatchard analysis is shown in Fig. 3A . (Fig. 3B ). This is indicative of a high-affinity RNA-protein interaction. The best interactor is aptamer cl. 9 (group II), which binds to sVSG 221 with a K d of 0.16 Ϯ 0.02 nM. As shown for the group I aptamers (Fig. 3C) , the RNAs do not discriminate between sVSG 221 and sVSG 117, the two VSG variants used during the selection experiment: identical K d values were measured with 0.3 Ϯ 0.05 nM for sVSG 221 and 0.4 Ϯ 0.05 nM for sVSG 117. Strikingly, the aptamers are capable of binding to sVSG preparations not used during the SELEX experiment. As shown in Fig. 3C , group I RNAs bind to sVSG variants from the unrelated T. brucei strains ILTat 1.1 and AnTat 1.1 with K d values of 0.7 nM. Thus, even sVSG molecules that were never in contact with any of the aptamer pools are recognized by the selected RNAs. This suggests that the RNA molecules might bind to a structural motif of the sVSGs that is present in all tested variants of the protein.
The specificity of the sVSG-aptamer interaction was analyzed by using three unrelated proteins as controls. BSA was chosen because it represents the dominant protein component in blood serum. As a parasite-specific membrane protein, we used preparations of the procyclin protein family. Although procyclins are only expressed during the insect life cycle stage of the parasite, they are, like VSG, glycosylphosphatidylinositol-anchored surface proteins with the same glycan core structure (20) . Lastly, we used gBP21, a mitochondrial RNA/RNA annealing factor from T. brucei. gBP21 has been characterized to bind to irregular RNA hairpin structures (12, 23) and thus should at least in part recognize the hairpin binding core of the selected aptamers. Figure 3D summarizes the results. BSA and the procyclin preparation did not bind aptamer RNA, whereas gBP21, as expected, was able to interact with cl. 57 RNA. However, the binding was significantly less.
Based on the boundary experiments discussed above, the binding affinity of a truncated group II aptamer was determined. The RNA hairpin loop has a length of 47 nt since three G residues were added to the 5Ј end to ensure an efficient T7 in vitro transcription. The K d for this "binding core" aptamer to sVSG 221 is 61 nM. Thus, although the shortened RNA is still able to recognize VSG protein, its binding affinity is significantly weaker than that of the full-length RNA. This indicates that the hairpin loop is able to recognize the surface protein but likely requires additional binding determinants from one or both ends of the RNA. Similar results have been described by Connell et al. (3) .
Characterization of the sVSG binding site. Since VSGs are glycosylated proteins, we tested whether the oligosaccharide side chains (20) might contribute to the binding of the RNAs. Deglycosylated sVSG preparations were prepared by N-glycosidase F treatment (34) (Fig. 4A ) and analyzed for their ability to bind aptamer cl. 57 (Fig. 4B) . At protein concentrations up to 100 nM deglycosylated sVSG was able to bind RNA indistinguishable from glycosylated sVSG. Thus, the sugar side chains do not contribute to the aptamer-binding domain. At higher protein concentrations (Ն200 nM), deglycosylated sVSG bound somewhat better (by ca. 30%), which might suggest a masking effect by the oligosaccharides.
Tryptic digestion of sVSG allows the isolation of an Nterminal fragment of ca. 40 kDa and C-terminal peptides of ca. 25 kDa (16) (Fig. 4C) . N-terminal fragments form homodimers similar to full-length sVSG, whereas the C-terminal fragments are in a monomeric state. Using these preparations, we were able to assess whether the aptamer binding site might be restricted to one of two domains. Although the ability of the C-terminal fragments to bind RNA was essentially zero, the N-terminal segment showed 20% of the binding of uncleaved sVSG (Fig. 4D) . This indicates that the ability to bind aptamer RNA resides within the full-length protein. However, since the N-terminal fragment was still able to bind, it might at least be part of the RNA interaction domain.
Aptamer stability and importance of the 2 F-modification for the binding reaction. A prerequisite for a potential therapeutic use of the aptamers is a reasonable stability in mammalian serum. This was tested by incubating uniformly 32 P-labeled aptamer preparations in blood serum for up to 24 h. As a comparison, we analyzed the 2Ј F-modified RNAs side by side to the corresponding unmodified RNAs. Figure 5A shows a representative example with group I aptamer cl. 57. The unmodified RNA has a half-life (t 1/2 ) of Յ10 s, whereas the same RNA containing 2Ј F-modified pyrimidines has a t 1/2 of ca. 15 h (Fig. 5B) . Thus, as expected, the modified aptamers show a significant serum stability.
The importance of the 2Ј F-modification for the binding reaction was further tested by comparing the aptamer-sVSG interaction with RNA preparations that were modified to different degrees. Strikingly, unmodified and 2Ј F-U-modified aptamers had lost their ability to interact with sVSG, whereas aptamers containing only 2Ј F-modified C-nucleotides showed enhanced binding (Fig. 5C ). As described before (17, 26) , this likely demonstrates that some or all of the 2Ј F-C modifications contribute to the higher-order folding of the aptamers which seems to be required for the recognition of the protein.
Aptamer binding to live trypanosomes. In order to verify the surface binding of the aptamers to live trypanosomes, we performed indirect in situ fluorescence labeling experiments with internally biotinylated aptamer preparations. As a biotinylation substrate, we used the tethered biotin-11-ATP nucleotide (Perkin-Elmer/Life Sciences). The modified ATP was cotranscriptionally incorporated into the aptamer RNAs with a stoichiometry of one to two biotin residues per RNA. After they bound to live trypanosomes, surface-bound, biotin-conjugated aptamers were detected by incubation with Alexa Fluor 488-conjugated streptavidin. Figure 6 summarizes the results. In- (Fig. 6a ). An identical staining signal was obtained when the parasites were decorated with a rabbit anti-VSG221 antiserum, followed by a fluorophore-coupled anti-rabbit secondary antibody (Fig. 6b) . The colocalization of the two signals was verified by the merging of both pictures, along with the localization signals of the nucleus and kinetoplast DNA ( Fig. 6c and d) . The same results were obtained with T. brucei AnTat 1.1 cells a parasite strain not used during the selection procedure. As controls, we tested the staining of a biotinylated pool 0 RNA preparation (Fig. 6i) , a biotinylated tRNA preparation (Fig. 6j) , and a nonbiotinylated aptamer preparation (Fig. 6k) . In all three cases only background signals were recorded. Taken together, these results indicate that the aptamer RNAs bind to the surface of live trypanosomes. The results show that the RNAs show no VSGvariant specific features and that they are capable of binding different VSG surfaces. Lastly, the results demonstrate that the tethered biotin ligand is accessible on the cell surface. Digitally deconvoluted three-dimensional image data (21) were used to further verify the surface distribution of the aptamers. The data are provided online as supplementary material in the form of two QuickTime animations (http://biosun.bio.tu-darmstadt .de/goringer/index.html). Directing antibodies to the trypanosome surface. Lastly, as proof-of-concept, we wanted to test whether antibodies could be directed to the surface of the parasite by using an antigencoupled aptamer preparation. As described above, we used aptamer RNAs that contained a tethered biotin ligand as a model antigen. As shown in Fig. 7 , fluorophore-coupled antibiotin antibodies were able to recognize the biotin-modified RNAs on the surface of T. brucei MITat 1.2 cells, on AnTat 1.1 trypanosomes, and even on the surface of another species: T. congolense (strain BeNat 1). Thus, at the in vitro incubation conditions, antigen-coupled aptamer preparations can be used to direct antibodies to the surface of trypanosome cells.
DISCUSSION
African trypanosomes escape the immune response of the infected host by antigenic variation. Here we demonstrate the selection of high-affinity RNA ligands to the VSG of the parasite. Three aptamer families were isolated which, on the primary structure level, share a significant sequence identity (37%). The two main aptamer families (groups I and II) likely adopt irregular hairpin secondary structures with invariant sequence motifs in single-stranded domains. This suggests a common higher-order folding of the selected RNAs and further implicates that specific contacts to the VSG binding target might be mediated by the single-stranded sequence motifs. RNA structure probing experiments with RNase T 1 experimentally confirmed the basic features of the aptamer hairpin structure. However, more sophisticated structural details likely exist. Evidence for an intricate higher-order folding was derived from experiments determining the binding core of the two aptamer groups. Although the hairpin structure was clearly identified as the main binding determinant to the VSG target, its binding affinity as an isolated RNA molecule was reduced. Therefore, sequences outside of the hairpin element must contribute to the high-affinity interaction, and these sequences can be presented in trans (i.e., out of the continuous sequence context of the aptamer). Similar phenomena have been described before (3) and argue for a detailed structural analysis of the selected RNAs.
Regardless of the precise three-dimensional folding of the selected aptamers, RNAs lacking the 2Ј F-modified pyrimidine nucleotides were found to be highly unstable in mouse serum. The determined half lives are in the range of only a few seconds. In contrast, in the presence of the ribose modification the (28), a significant serum stability was achieved by using a ribose-substituted RNA library in the SELEX experiment. Furthermore, we identified the 2Ј F-modified C-nucleotides as being essential for the aptamer-VSG interaction. Although we cannot rule out that some or all of the 2Ј F-atoms are in direct contact with the protein, this seems rather unlikely. As a more realistic scenario, we suggest that the 2Ј F-modifications contribute to the higher-order folding of the RNA molecules that might be one of the determining factors for the binding to the protein. We have no satisfactory explanation as to why only the modifications of the C-nucleotides showed the described effect, aside from the fact that C-nucleotides are more abundant than Us in aptamer cl. 57 (see Fig. 5C ). All three aptamer families bind to sVSG with affinities in the nanomolar or subnanomolar concentration range and thus are of high affinity. Importantly, as implemented in the selection strategy, none of the RNAs is capable of distinguishing between the two sVSG variants used during the selection process. Moreover, all aptamers bind with high affinity to sVSG variants that were not used during the SELEX experiment. This demonstrates that the same or an almost-identical aptamer binding site is present in all tested sVSGs and further suggests that the RNA-protein interaction likely takes place within a structurally conserved domain of the different VSG molecules. Lastly, it is important to note that the RNAs have no significant affinity for serum albumin, which is the most abundant protein component in blood.
A comparison of the aptamer-binding ability of full-length sVSG with that of isolated N-terminal and C-terminal fragments demonstrated that the full-length protein is the preferred binding partner. C-terminal fragments do not bind added aptamer, and the N-terminal polypeptide has only 20% of the RNA-binding ability of uncleaved sVSG. Nonetheless, this might suggest that the aptamer binding site is localized on the N-terminal domain of sVSG. The reduced RNA binding of this fragment could be the result of a conformational change induced by the proteolytic cleavage. However, we cannot exclude that the aptamer binding site is located near or at the trypsin cleavage site which separates the N-terminal peptide from the C-terminal fragments and that the C-terminal polypeptides lose their ability to bind RNA because of their inability to form dimers. Additional support for an N-terminal aptamer-binding domain can be drawn from the result that aptamer cl. 57 is able to recognize the surface of T. congolense. Although most of the known T. congolense VSGs resemble the N-terminal cysteine residue domain type B of T. brucei, they lack corresponding C termini (38) . Thus, the N-terminal region of sVSG is the most probable interaction domain for the RNAs, although further evidence is required to substantiate this observation. On the contrary, at higher sVSG concentrations, the sugar modification seems to have a negative effect on RNA binding since deglycosylated sVSG binds moderately better. This can be interpreted as a masking effect probably as a result of the conformational flexibility of the extended sugar structures. This is supported by the crystal structure of the N-terminal domain of sVSG 221 (10) . The glycosylation site is located at Asn-263 in the lower half of the N-terminal fragment. Most of the core oligosaccharides attached to Asn-263 pack against the surface of the protein in a defined pocket between two helices. However, the remainder of the oligosaccharide residues could not be located likely due to a high degree of structural flexibility.
Importantly, the aptamer-VSG interaction is not restricted to sVSG preparations. Aptamers substituted with a tethered biotin residue bind to the VSG surface of live trypanosomes. Since fluorescently labeled streptavidin was used for the detection, this implies that the tethered biotin side group is accessible on the surface. The N-terminal VSG domain is a rod-like structure with a length of ca. 100 Å (10) . For the bulged hairpin of aptamer cl. 57 plus the tethered biotin ligand, we calculated a minimal length of roughly 60 Å . Thus, the aptamer might penetrate into the VSG layer to some degree, which might explain the observed shielding effect of the oligosaccharide side chains at higher sVSG concentrations (Fig.  4B) .
The fluorescence signals from both the streptavidin and the anti-biotin antibody are distributed over the entire surface of the parasite and colocalize with the position of the VSG molecules. This is consistent with the aptamer-sVSG in vitro binding data and demonstrates that anti-biotin antibodies can reach the aptamer-bound biotin ligand. This further illustrates that substituted aptamer preparations can be used to direct antibodies to the otherwise-variable surface of the parasite. Whether this can stimulate an agglutination reaction in vivo (33) remains to be tested. However, other scenarios can be envisaged as well, e.g., the presentation of nonvariant, aptamer-coupled T-cell epitopes on the surface of the parasite in order to activate complement by the alternative pathway (7, 36) .
Collectively, the described results open the possibility of using the VSG-specific aptamers as components to side-step antigenic variation. The RNAs have the potential to function as carrier-type delivery molecules for the development of new therapeutic and diagnostic strategies against trypanosome infections (within this context, see also reference 15). Finally, it should be noted that the experimental approach might have a much broader application spectrum, especially in the case of other extracellular pathogens.
Supplementary data. Supplementary data for the present study are available online (http://biosun.bio.tu-darmstadt.de /goringer/index.html).
